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and Health Sciences, Monash University Malaysia, PJ
46150, MalaysiaAbstract—Serotonin (5-HT) is a key regulator of mood and
sexual behaviors. 5-HT reuptake inhibitors have been used
as antidepressants. Really interesting new gene (RING) ﬁn-
ger proteins have been associated with 5-HT regulation
but their role remains largely unknown. Some RING ﬁnger
proteins are involved in the serotonergic system, therefore,
we speculate that the gene expression of RING ﬁnger pro-
tein38 (rnf38) is regulated by the serotonergic system. In
the present study, we aimed to identify the full length
sequence of medaka (Oryzias latipes) rnf38 mRNA and
investigate its association with the serotonergic system
using an antidepressant, citalopram (CIT). We identiﬁed
the full length rnf38 cDNA, which consisted of 2726 nucleo-
tides spanning 12 exons and the deduced protein sequence
consisting of 518 amino acid residues including a RING ﬁn-
ger domain, a KIT motif and a coiled-coil domain. Medaka
exposed to 107 M of CIT showed anxiety-like behavior.
The expressions of 5-HT-related genes, pet1, solute carrier
family 6, member 4A (slc6a4) and tryptophan hydroxylase
(tph2) were signiﬁcantly low (P< 0.05) in the hindbrain.
On the other hand, rnf38 gene was signiﬁcantly high
(P< 0.05) in the telencephalon and the hypothalamus.
This shows that 5-HT synthesis and transport in the hind-
brain is suppressed by CIT, which induces rnf38 gene
expression in the forebrain where 5-HT neurons project.
Thus, the expression of rnf38 is negatively regulated by
the serotonergic system.  2015 The Authors. Published
by Elsevier Ltd. on behalf of IBRO. This is an open access
article under the CC BY-NC-ND license (http://creativecom-
mons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION
Really interesting new gene (RING) ﬁnger protein is a
protein which possesses a characteristic zinc-binding
motif (RING ﬁnger domain). The RING ﬁnger proteins arehttp://dx.doi.org/10.1016/j.neuroscience.2015.03.012
0306-4522/ 2015 The Authors. Published by Elsevier Ltd. on behalf of IBRO.
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109involved in various cellular processes through protein–
protein or protein–DNA interactions (Saurin et al., 1996;
Borden, 2000). Many RING ﬁnger proteins, such as
PJA1, neuroregulin receptor degradation protein-1 and
Parkin play important roles in their ubiquitin-conjugating
enzyme (E2)-dependent E3 ubiquitin ligase activities
(Morett and Bork, 1999; Yu et al., 2002; Tan et al., 2011).
Furthermore, several RING ﬁnger proteins such as AO7
and Cbl bind to E2 ubiquitin enzymes and regulate ubiqui-
tination (Lorick et al., 1999; Yokouchi et al., 1999;
Freemont, 2000). Therefore, involvement in ubiquitination
is considered as a general function of RING ﬁnger proteins.
On the other hand, several RING ﬁnger proteins such as
RING ﬁnger protein8 have other functions like transcrip-
tion-stimulating activity (Takano et al., 2004).
RING ﬁnger protein 38 (Rnf38) possesses a
conserved RING-H2 domain among species, which
consists of C-X2-C-X(9–39)-C-X(1–3)-H-X(2–3)-H-X2-C-
X(4–48)-C-X2-C where C is cysteine residue, H is
histidine residue and X is any amino acid residue and
binds two zinc atoms (Fig. 1) (Freemont et al., 1991;
Freemont, 1993; Nalepa et al., 2006), and is widely
expressed throughout the body in human, especially
highly expressed in the heart, brain, placenta and the tes-
tis (Eisenberg et al., 2002). The role of Rnf38 remains
unknown.
Serotonin (5-HT) is a key modulator of numerous
physiological processes and behaviors, such as mood,
anxiety and sexual behaviors (Jacobs and Azmitia,
1992; Lucki, 1998), therefore, many genes are regulated
by the serotonergic system (Sillaber et al., 2008; Park
et al., 2012). Antidepressant-related gene 34 (Adgr34),
a RING ﬁnger protein, is regulated by the serotonergic
system (Yamada et al., 2000). Adrg34 gene expression
is induced in the rat hippocampus and the frontal cortex
by disruption of the serotonergic system. Furthermore,
another RING ﬁnger protein, Rines regulates the sero-
tonergic system by modulating ubiquitination and degra-
dation of monoamine oxidase A, which is the catabolic
enzyme of amine neurotransmitters such as 5-HT
(Kabayama et al., 2013). We speculate that Rnf38 is also
regulated by the serotonergic system in the brain.
Selective serotonin reuptake inhibitors (SSRIs) induce
an increase in extracellular 5-HT by inhibition of reuptake
of 5-HT through serotonin transporter at neurons,
therefore, SSRIs have been used to evaluate eﬀects of
the serotonergic system in ﬁsh. Fluoxetine (FLU), which
is one of SSRIs, exposure decreases feeding rates and
growth in fathead minnows (Pimephales promelas)ons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Schematic structure of RING-H2 domain. C: cysteine residue,
H: histidine residue, X: any amino acid residue and Zn: zinc. Modiﬁed
from Nalepa et al. (2006).
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and feeding behavior of hybrid striped bass (Morone
saxatiles Morone chrysops) (Gaworecki and Klaine,
2008), delays the development of sexual characteristics
of maturing western mosquitoﬁsh (Gambusia aﬃnis)
(Henry and Black, 2008), alters plasma estradiol, and
inhibited egg production in zebraﬁsh (Lister et al., 2009).
In the bluehead wrasse, chronic administration of FLU
causes reduction of aggressive behavior (Semsar et al.,
2004). Furthermore, ﬁsh exhibit anxiety-like behavior
against novelty stress and 5-HT levels aﬀect their behavior
(Blaser and Gerlai, 2006; Levin et al., 2007). In zebraﬁsh,
manipulation of 5-HT levels with FLU aﬀects anxiety-like
behavior in the novel tank (Cachat et al., 2010).
The present study was designed to identify the full
length sequence of medaka (Oryzias latipes) rnf38
mRNA and correlate the expression of rnf38 gene with
5-HT-related genes, tryptophan hydroxylase (tph2,
regulator of 5-HT synthesis), solute carrier family 6,
member 4A (slc6a4, encodes 5-HT transporter) and
pet1 (transcript factor regulating tph2 and slc6a4) in the
brain by manipulating the serotonergic system using a
SSRI, citalopram (CIT). In addition, we assessed
anxiety-like behavior following CIT treatment to evaluate
the eﬀect of CIT.EXPERIMENTAL PROCEDURES
Animals
Five-month-old male medaka (O. latipes) were
maintained in fresh water at 27 ± 1.0 C under a
controlled natural photo regimen (14-h light/10-h dark
cycle). The ﬁsh were fed Advanced Fish Diets (ZM,
Winchester, UK) twice daily. All experimental
procedures were performed in accordance with the
guidelines of the Animal Ethics Committee of Monash
University (approval No. SOBSB_MY_2010_64).Fig. 2. Schematic drawing of the sagittal brain section of the medaka
showing the regions used for gene expression analysis. The Region I
(telencephalic region): the telencephalon, the preoptic area and
olfactory bulb, the Region II (optic tectum): the optic tectum, the
Region III (hypothalamic region): the hypothalamus and midbrain, the
Region IV (cerebellum): the cerebellum and the Region V (hindbrain):
the hindbrain and the spinal cord.Cloning of full length rnf38 cDNA
Medaka were anesthetized by immersing in a 0.01%
solution of benzocaine (Sigma, St. Louis, MO, USA),
killed by decapitation and the fresh brains weredissected. Total RNA was isolated from the medaka
whole brain with TRIzol (Invitrogen, Carlsbad, CA, USA)
and converted to cDNA with SuperScript III reverse
transcriptase (Invitrogen) and oligo d(T) primer. Partial
CDS region was ampliﬁed with PCR. The primers were
designed based on the genomic sequence of a predicted
medaka rnf38 gene (accession No. ENSORLG00000
003296). The primer sequences were as follows: forward
primer, 50-GGGACAAGATGGAGGACAGTCCCAC-30, and
reverse primer, 50-CAGTTGACGCGACTCAAAGTCAC
TC-30. The PCR reaction was performed in a 20-ll
reaction mixture containing 1  HotStarTaq Master Mix
(Qiagen, Hilden, Germany), 0.5 lM each of the primers
and 1 ll of cDNA. The reaction program consisted of
95 C for 5 min, 35 cycles of 95 C for 30 s, 60 C for 30 s
and 72 C for 2 min followed by 72 C for 3 min. The
ampliﬁed DNA was subjected to direct sequencing using
BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems, Foster City, CA, USA) and 3130 Genetic
Analyzer (Applied Biosystems).
Full length rnf38mRNA sequence was identiﬁed by 30-
and 50-rapid ampliﬁcation of cDNA end (RACE). Gene-
speciﬁc primers were designed based on the identiﬁed
partial mRNA sequence. For 30-RACE, 1 lg of total RNA
was converted to cDNA with SuperScript III (Invitrogen)
and 50 pmol of oligo d(T)-containing adapter primer (AP)
in 20-ll volume according to the manufacturer’s
instruction. The converted cDNA was subjected to PCR
in a 10-ll reaction containing 1  HotStarTaq Master
Mix, 10 pmol each of Abridged universal ampliﬁcation
primer (AUAP, Invitrogen), and a gene-speciﬁc primer
50-CTGTGCGTAGTGTGTATGAGTG-30. The reaction pro-
gram consisted of 95 C for 5 min, 35 cycles of 94 C for
30 s, 64 C for 30 s and 72 C for 3 min followed by 72 C
for 10 min.
For 50-RACE, 1 lg of the total RNA was converted to
cDNA in 20-ll volume with SuperScript III (Invitrogen),
2 pmol of gene-speciﬁc primer 50-CTGGACCTCCGAG
GCATCTGCAC-30. Polyadenine was added at the 30 end
of the cDNA with terminal transferase (Roche
Diagnostics, Mannheim, Germany) according to the
manufacturer’s instruction. The polycytosine -tailed cDNA
Table 1. Real-time PCR primers used in this study
Gene Sequence (50–30) Product size (bp)
b-actin GAGCTATGAGCTGCCTGACG 103
GCAGGACTCCATACCAAGGA
pet1 GCGGAGGAAAGCTCATGTTC 139
AGGAACTGCCACAGCTGGAT
slc6a4 CGTGACTTGGTCCAACTTATCC 93
AGCTGGTGCAGACCTGATGA
tph2 TGTTTGATCACCGGAACCAG 88
TCGTTGATGGGACAGAAGGA
rnf38 TGACCCAGCCTTCTTGATTC 138
ATCCTCTGTAACGGTGAACG
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1  HotStarTaq Master Mix, 10 pmol each of 50-RACE
abridged anchor primer (Invitrogen) and a gene-speciﬁc
primer 50-GCGTATGGCATCTCTCTGGTATG-30. The
reaction program consisted of 95 C for 5 min, 35 cycles
of 94 C for 30 s, 64 C for 30 s and 72 C for 4 min
followed by 72 C for 10 min. Furthermore, 1 ll of the
PCR reaction mixture was subjected to nested PCR.
Nested PCR was performed in a 20-ll reaction
mixture containing 1  HotStarTaq Master Mix, 10 pmol
each of AUAP (Invitrogen) and a gene-speciﬁc primerFig. 3. (A) Deduced amino acid sequence of medaka Rnf38 and predicted do
acids 443–439, RING ﬁnger domain is amino acids 466–506. (B) Alignment
mouse (NP_598825), drosophila (XP_082352), and Arabidopsis (NP_5666550-TAGGAGAAGATGGAGTGGAGG-30. The reaction
program consisted of 95 C for 5 min, 35 cycles of 94 C
for 30 s, 64 C for 30 s and 72 C for 4 min followed by
72 C for 10 min. The complete nucleotide sequence of
rnf38 mRNA was conﬁrmed by a sequence analysis of
each PCR product. A RING ﬁnger domain was further
analyzed by the simple modular architecture research
tool (SMART) (Schultz et al., 1998; Letunic et al., 2012).CIT treatment
CIT (Sigma–Aldrich, St. Louis, MO, USA) was dissolved in
reverse osmosis (RO) water to ﬁnal concentrations of 0
(control), 107 and 108 M. Fish were randomly selected
and divided into three groups (N= 10 in each group).
The treatment was performed in the tanks (280 mm
(L)  210 mm (W)  180 mm (H)) containing 3 L of water
with diﬀerent concentrations of CIT. During the
experiment, CIT solution was changed every day for
14 days. Doses 107 M and 108 M were selected based
on the previous study using male goldﬁsh, where male
goldﬁsh exposed to 1.7  107 M FLU for 14 days had
disrupted reproductive physiology such as decreased milt
volume and testosterone levels (Mennigen et al., 2010).
This suggests that exposure to 1.7  107 M SSRI ismains. Coiled-coil domain is amino acids 412–432, KIL motif is amino
of RING ﬁnger domain among human (AF394047), rat (NP_604462),
1). Shaded boxes indicate amino acids involved in zinc coordination.
Fig. 4. Eﬀect of CIT exposure on medaka behavior. (A) Latency to enter top half of the tank. (B) Number of transitions between the top half and
bottom half of the tank. Time spent at the bottom half (C) and the top half (D) of the tank. All of data are presented as mean ± SEM and analyzed by
a one-way ANOVA and Tukey’s post hoc test for multiple comparisons. ⁄P< 0.05.
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and 108 M of CIT in this study to investigate the associa-
tion of the serotonergic systemwith rnf38 gene expression.Anxiety-like behavior test
After 14-day exposure to CIT, the ﬁsh (control: N= 9; CIT
(108 M): N= 8; CIT (107 M): N= 9) were subjected to
the anxiety-like behavior test. Anxiety-like behavior was
tested following our previously published method (Khor
et al., 2013). In brief, a tank with dimensions of 280 mm
(L)  210 mm (W)  180 mm (H) was ﬁlled with 7 L of
RO water. A camera was set at the side of the tank,
approximately 1 m away. After 14-day exposure, each
ﬁsh was transferred into the tank, and behavioral
response to novel environment was recorded for 10 min.
For the behavior analysis, the tank was marked into two
equal top and bottom halves. Parameters analyzed in this
study were latency to enter into the top half of the tank,
the number of transitions between top and bottom halves
and the time spent in the bottom half and top half.Gene expression analysis of rnf38 and 5-HT-related
genes
After completion of behavioral test, ﬁsh (control: N= 9;
CIT (108 M): N= 8; CIT (107 M): N= 8) were
anesthetized by immersing in a 0.01% solution of
benzocaine (Sigma) and killed by decapitation. Fresh
brains were dissected, and embedded in Tissue Tek OCT
compound (Sakura Finetechnical, Tokyo, Japan), and
frozen in powdered dry-ice. Brain sections were cut intosagittal planes (15 lm) and mounted onto a polyethylene
naphthalate membrane (PEN, Leica Microsystems,
Wetzlar, Germany) attached slide glasses and stored at
80 C until use.
The sections were brieﬂy ﬁxed in 70% ethanol and
stained with Cresyl Violet to identify brain nuclei. The
brains were divided into ﬁve regions (Fig. 2) by a laser
microdissection system (ArcturusXT, Applied Biosystems,
Foster, CA). Region I (telencephalic region) included the
telencephalon, preoptic area and the olfactory bulbs,
Region II (optic tectum) included the optic tectum, Region
III (hypothalamic region) included the hypothalamus and
the midbrain, Region IV (cerebellum) included the
cerebellum and Region V (hindbrain) included the
hindbrain and the spinal cord. The procedure for the laser
microdissection has been described in detail by Ogawa
et al. (2012). The laser-dissected tissues of each brain
regionattached toPENmembranewerepooled intoamicro-
tube containing 200 ll of TRIzol (Invitrogen, Carlsbad, CA),
and total RNA was isolated according to the manufacturer’s
instructions. The entire isolated total RNA was subjected to
cDNA synthesis with High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Carlsbad, CA) in
20-ll volume according to the manufacturer’s
instruction.mRNA levels of b-actin, pet1, slc6a4, tph2 and
rnf38 genes were examined by real-time PCR. Real-time
PCR was performed in 10-ll reaction mixtures containing
1  POWER SYBR Green PCR Master Mix (Applied
Biosystems), 0.2 lM each forward and reverse primer,
and 1-ll cDNA. The primers used are shown in Table 1.
Real-time PCR was performed using a StepOnePlus
(Applied Biosystems) with conditions of 95 C for 10 min,
Fig. 5. Eﬀect of CIT exposure on 5-HT-related gene expression in
the medaka brain. pet1 (A), slc6a4 (B) and tph2 (C) gene expressions
were examined. The gene expression in the relevant region of control
sample was deﬁned as 1.0. All of data are presented as
mean ± SEM and analyzed by a one-way ANOVA and Tukey’s post
hoc test for multiple comparisons. ⁄P< 0.05.
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followed by a dissociation step. The levels of each mRNA
typewerenormalized tob-actinmRNAwith theddCtmethod
and the gene expression level in the control sample was
deﬁned as 1.0 for each brain region.
Data analysis
Statistical analysis was performed by a one-way ANOVA
and Tukey’s post hoc test for multiple comparisons using
SPSS 18. P< 0.05 was considered as signiﬁcant.
RESULTS
Full length rnf38 mRNA sequence
The identiﬁed full length rnf38mRNA (Genbank accession
No. KF431968) consisted of 2726 nucleotides spanning 12
exons when compared to themedaka genome. The coding
region starts at the ﬁrst base of exon 3 and extends to the
60th base of the exon 12. The deduced protein sequence
region consisted of 518 amino acid residues including a
RING ﬁnger domain, identiﬁed as RING-H2 (C-X2-C-X14-
C-X-H-X2-H-X2-C-X10-C-X2-C) (Fig. 3A). In addition to the
RING ﬁnger domain, a KIL motif (K-X2-I/L-X2-I/L) and a
coiled-coil domain was also seen in the deduced
sequence (Fig. 3A). The RING-H2 sequence of Rnf38 is
conserved among the human, rat, mouse, drosophila and
Arabidopsis (Fig. 3B).
Behavior analysis
After 14-day exposure to CIT, the ﬁsh (control group,
108 M group and 107 M group) were subjected to the
behavioral test (Fig. 4). The latency to the top half of the
tank was signiﬁcantly high in the 107 M group compared
to the control group. The number of transitions was
signiﬁcantly low in the 107 M group. The 108 M group
revealed no signiﬁcant diﬀerence in the latency and the
number of transitions. The time spent at the bottom half
and top half showed no signiﬁcant diﬀerence in both
groups.
Gene expression analysis
The pet1mRNA levels were signiﬁcantly low in the 107 M
group of the hypothalamic region and the 107 M group
and 108 M group of the hindbrain (Fig. 5A). The mRNA
levels of slc6a4 and tph2 were signiﬁcantly low in the
107 M group of the hindbrain and no signiﬁcant
diﬀerence was observed in the hypothalamic region
(Fig. 5B,C). rnf38 gene expression was examined in all
of the ﬁve regions (Fig. 6). rnf38 gene expression was
signiﬁcantly increased in the 107 M group in the
telencephalic region and hypothalamic region. In the
other regions and concentration, no signiﬁcant diﬀerence
was observed.
DISCUSSION
Full length cDNA of medaka rnf38 was identiﬁed and
compared with other species. The RING ﬁnger domain,
the KIL motif and the coiled-coil domain were predicted
from the deduced amino acid sequence. The RING-H2domain of medaka Rnf38 is conserved among a wide
range of eukaryotes, which include the human, rat,
mouse, drosophila and Arabidopsis. The KIL motif
(Eisenberg et al., 2002) is present in a subset of the
RING-H2 domain and is located shortly upstream of the
RING-H2 domain (Macdonald et al., 1999). The coiled-
coil domain (Lupas et al., 1991) is also characterized
close to the RING ﬁnger domain region of the human,
rat and mouse (Eisenberg et al., 2002). The coiled-coil
domain is involved in protein–protein/DNA interaction,
which is observed in functional proteins, like some tran-
scription factors, c-fos and tropomyosin (Zuo et al.,
2010; Moore et al., 2011). mPY motif and SH2 binding
Fig. 6. Eﬀect of CIT on rnf38 gene expression in the medaka brain.
The gene expression in the relevant region of control sample was
deﬁned as 1.0. All of data are presented as mean ± SEM and
analyzed by a one-way ANOVA and Tukey’s post hoc test for multiple
comparisons. ⁄P< 0.05.
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present. Therefore, Rnf38 may not be involved in ubiqui-
tination as observed in many RING ﬁnger proteins, but
may be involved in other functions such as a transcription
factor (Morett and Bork, 1999; Yu et al., 2002; Tan et al.,
2011). Furthermore, since all functional domains of Rnf38
including the RING ﬁnger domain, the KIL motif and the
coiled-coil domain are highly conserved among species,
the role of Rnf38 could also be conserved.
To evaluate the eﬀect of CIT treatment, anxiety-like
behavior test was performed by transferring the ﬁsh to
the novel tank after CIT exposure. Behavioral analysis
revealed anxiety-like behavior in the 107 M group. The
latency to the top half was increased and the number of
transitions was decreased compared to the control
group. Similar behavioral changes have been observed
in other ﬁsh (Blaser and Gerlai, 2006; Levin et al., 2007;
Lister et al., 2009; Cachat et al., 2010). In the bluehead
wrasse, chronic administration of FLU causes reduction
of aggressive behavior (Semsar et al., 2004). In the pre-
sent study, medaka exposed to CIT had low pet1
mRNA levels in the hypothalamic region and pet1, slc6a4
and tph2 mRNA levels in the hindbrain. In zebraﬁsh, sev-
eral populations of pet1 expressing 5-HT neurons have
been reported in the hypothalamus and the hindbrain
(Lillesaar, 2011). This suggests that 5-HT synthesis and
transport in pet1 expressing 5-HT neurons is suppressed
by CIT exposure. The decreased presynaptic 5-HT could
cause anxiety-like behavior. Furthermore, the pet1
expressing 5-HT neurons in the hindbrain may also be
involved in the behavioral changes, since mRNA levels
of the slc6a4 and tph2 were suppressed only in the hind-
brain of the 107 M group. On the other hand, behavioral
changes were not observed in the 108 M group. This
result is comparable with goldﬁsh experiment exposed
to FLU (Mennigen et al., 2010). This is probably due to
no change of 5-HT synthesis and transport. In fact, there
are no changes in mRNA levels of slc6a4 and tph2 in both
the hypothalamic region and hindbrain of the 108 M
group.
The rnf38 was ubiquitously expressed in all regions of
the brain. The rnf38 expression was increased by CIT
only in the telencephalic and the hypothalamic region,where pet1 expressing 5-HT neurons send projections
in the zebraﬁsh (Lillesaar et al., 2009). This suggests that
the rnf38 gene in the telencephalic and hypothalamic
region is induced by the decline of 5-HT levels.
Induction of Rnf38 may be involved in the anxiety-like
behavior or non-cell autonomous by the decline of 5-HT
levels. Furthermore, the Rnf38 may play a common role
in 5-HT-related physiologies through protein–protein/
DNA interactions among vertebrates because of con-
servation of the amino acid sequence.CONCLUSION
In this research, the full length sequence of medaka rnf38
mRNA was identiﬁed and the RING ﬁnger domain and the
KIL domain which is accompanied by RING ﬁnger domain
was identiﬁed. Medaka exposed to CIT exhibited anxiety-
like behavior, suppression of the serotonergic system-
related genes mainly in the hindbrain, and increase of
the rnf38 gene expression in the telencephalic and the
hypothalamic region. It suggests that rnf38 expression is
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